Arabidopsis inflorescence stems develop a vascular pattern similar to that found in most dicots. The arrangement of vascular tissues within the bundle is collateral, and vascular bundles in the stele are arranged in a ring. Although auxin has been shown to be an inducer of vascular differentiation, little is known about the molecular mechanisms controlling vascular pattern formation. By screening ethyl methanesufonate-mutagenized populations of Arabidopsis, we have isolated an avb1 (amphivasal vascular bundle) mutant with a novel vascular pattern. Unlike the collateral vascular bundles seen in the wild-type stems, the vascular bundles in the avb1 stems were similar to amphivasal bundles, i.e. the xylem completely surrounded the phloem. Furthermore, branching vascular bundles in the avb1 stems abnormally penetrated into the pith, which resulted in a disruption in the ring-like arrangement of vascular bundles in the stele. The avb1 mutation did not affect leaf venation pattern and root vascular organization. Auxin polar transport assay indicated that the avb1 mutation did not disrupt the auxin polar transport activity in inflorescence stems. The avb1 mutation also exhibited pleiotropic phenotypes, including curled stems and extra cauline branches. Genetic analysis indicated that the avb1 mutation was monogenic and partially dominant. The avb1 locus was mapped to a region between markers mi69 and ASB2, which is covered by a yeast artificial chromosome clone, CIC9E2, on chromosome 5. Isolation of the avb1 mutant provides a novel means to study the evolutionary mechanisms controlling the arrangement of vascular tissues within the bundle, as well as the mechanisms controlling the arrangement of vascular bundles in the stele.
Vascular plants appeared on the land in the Silurian period (438-408 million years ago) and they are dominant on the earth. One of the key events for their successful emergence from aquatic environments was the evolution of vascular tissues, which solved the problem of water and food transport on the land (Raven et al., 1992) . Although vascular tissues consist of two types of transport tissues, xylem and phloem, diverse arrangements of vascular tissues within the bundles and of vascular bundles in the stele evolved in vascular plants. The occurrence of diverse vascular patterns in vascular plants offers an excellent opportunity to study evolutionary mechanisms controlling pattern formation.
In primary stems vascular patterns are organized at two levels (Esau, 1977; Mauseth, 1988; Fahn, 1990) . First, the primary vascular tissues within the bundles are arranged in an orderly pattern. The common arrangement of vascular tissues is collateral, i.e. the primary xylem is located on the inner side of the bundle, and the primary phloem is located on the outer side of the bundle. Some plants develop bicollateral bundles with additional primary phloem interior to the xylem. Many monocots develop amphivasal vascular bundles, i.e. the xylem surrounds the phloem. In contrast to the amphivasal bundles, amphicribral bundles have phloem surrounding xylem.
Second, vascular bundles in the stele of stems are arranged in an orderly pattern. The protostele is arranged in such a way that the xylem is located as a solid mass in the center, and the phloem surrounds this solid mass. However, in siphonosteles, the solid mass of xylem is separated by parenchyma cells. Vascular bundles are organized as a ring in the stems of most gymnosperms and dicots or distributed throughout the ground tissue in the stems of most monocots.
Although the molecular mechanisms determining vascular patterns are largely unknown, the aspects of vascular differentiation have been intensively studied using physiological, biochemical, and molecular approaches. It has been shown that auxin is the major controlling factor for induction of vascular differentiation in both in vitro and in vivo conditions (Aloni, 1987) . For in vitro conditions cytokinin and/or Suc, together with auxin, are required for vascular induction. One of the best examples in the study of in vitro xylogenesis is the tracheary-element induction from isolated zinnia mesophyll cells (Fukuda, 1996) . Mesophyll cells isolated from zinnia leaves can be induced to transdifferentiate into tracheary elements in the presence of auxin and cytokinin, indicating that these hormones control the formation of xylem cells.
Because of the lack of tools to study vascular patterning, no regulatory genes controlling the organization of vascular tissues have been identified. Nevertheless, a number of genes associated with xylem and phloem differentiation have been characterized. Through differential screening and subtractive hybridization, a number of cDNAs whose mRNAs were differentially expressed during xylogenesis were isolated from in vitro tracheary elements induced from isolated zinnia mesophyll cells (Demura and Fukuda, 1993; Ye and Varner, 1993; Fukuda, 1996) . The corresponding genes were shown to be specifically induced during xylogenesis in the plant (Demura and Fukuda, 1994; Ye and Varner, 1994) . In terms of phloem differentiation, several genes have been characterized, such as those encoding ␤-amylase (Wang et al., 1995) , P-protein (Tó th et al., 1994) and Arabidopsis H ϩ -ATPase isoform 3 (Dewitt and Sussman, 1995) . The proteins are specifically present in either sieve elements (␤-amylase and P-protein) or companion cells (Arabidopsis H ϩ -ATPase isoform 3). However, these xylem-or phloem-associated genes appear to be involved in structural formation during differentiation. It seems difficult to find genes determining the arrangement of vascular tissues by biochemical and molecular approaches. Recently, Baima et al. (1995) and Tornero et al. (1996) showed that some homeobox genes were preferentially expressed in vascular tissues of Arabidopsis but their functions are not yet known.
Considering the existence of naturally diverse vascular patterns among plant groups, we can study the genetic control of vascular pattern formation by mutational analysis. A number of mutants affecting formation of midvein or minor veins in leaves have been isolated in grasses (for review, see Nelson and Dengler, 1997) . A wilty mutant of maize was found to be defective in metaxylem differentiation (Postlethwait and Nelson, 1957) . In Arabidopsis several mutants with alteration of vascular differentiation (Scheres et al., 1995; Przemeck et al., 1996) or leaf venation (Carland and McHale, 1996; Conway and Poethig, 1997) have been characterized. In the monopteros mutant, the alignment and interconnection of tracheary elements were affected without an alteration in the arrangement of vascular tissues (Przemeck et al., 1996) . The MONOPTEROS gene has been cloned and shown to encode a member of the Aux/IAA protein family (Guilfoyle, 1998; Hardtke and Berleth, 1998) . Mutation of the LOP1 locus caused the formation of a bifurcated and twisted midvein (Carland and McHale, 1996) . The xtc1, xtc2, and amp1 mutants had a simple leaf-venation pattern similar to that of cotyledon due to the transformation of leaves into cotyledons (Conway and Poethig, 1997) .
In summary, the vascular mutants isolated so far affect vascular differentiation or leaf venation. To our knowledge, no mutants with a global alteration in vascular patterns of Arabidopsis stems have been reported. To better understand the mechanisms controlling vascular patterns, it is important to isolate mutants with a global alteration in vascular patterns.
Intrigued by the diverse patterns of vascular tissues in vascular plants, we have initiated a genetic approach to studying vascular pattern formation in the model dicot Arabidopsis. By screening ethyl methanesulfonatemutagenized populations of Arabidopsis, we have successfully isolated a novel mutant with a dramatic change of vascular patterns in stems. The most noticeable change in the avb1 mutant was the transformation of the collateral vascular bundles into amphivasal vascular bundles in the stems. Also altered in the avb1 mutant was the arrangement of vascular bundles in the stele. Isolation of the avb1 mutant provided a tool for investigating the evolutionary mechanisms of vascular pattern formation.
MATERIALS AND METHODS

Mutant Screening
M 2 plants of ethyl methanesulfonate-mutagenized populations of Arabidopsis ecotype Columbia (Lehle Seeds, Round Rock, TX) were grown in the greenhouse. Inflorescence stems of 7-to 8-week-old plants were free-hand sectioned with a razor blade. Sections were stained with phloroglucinol-HCl or toluidine blue and observed under a dissection microscope. Plants showing altered vascular patterns were saved and allowed to grow out new branches for seed production. Putative mutants were backcrossed with wild-type Columbia three times to reduce unlinked background mutations.
Light Microscopy
Arabidopsis stem segments were fixed overnight in 4% paraformaldehyde at 4°C. After dehydration through a gradient series of ethanol, the stem segments were embedded in paraffin. The embedded segments were then sectioned with a microtome and thin sections were transferred onto poly-l-Lys-coated slides. After deparaffinizing in xylene and rehydration through a gradient series of ethonal, sections were stained with toluidine blue and observed under a compound microscope with bright-field illumination.
Evans Blue Dye Transport
Inflorescence stems were cut under water and the lower ends of stems were then submerged in a 0.1% Evans blue dye solution. After 10 min, serial sections were prepared from the upper part of the stems (not submerged in the solution). The sections were observed immediately under a dissection microscope with dark-field illumination or stained with phloroglucinol-HCl before observation.
Auxin Polar Transport Assay
Inflorescence stems of 6-week-old plants were used for the auxin polar transport activity assay as described previously by Okada et al. (1991) . Stem segments were cut into 2.5-cm lengths and the upper ends were submerged in a Murashige and Skoog medium containing 80 nCi mL
14 C]IAA (American Radiolabeled Chemicals, St. Louis, MO). After 6-or 20-h incubations, 0.5-cm-long parts (not submerged in the solution) were cut from the opposite ends of segments. The cut parts were incubated overnight in a scintillation cocktail and shaken, and the radioactivity was measured in a scintillation counter.
Genetic Analysis
The mutant was backcrossed with wild-type Columbia. Stem sections of the F 1 plants were stained with toluidine blue to examine vascular patterns. After the F 1 plants were selfed, the F 2 plants were analyzed for segregation of the mutation by examining the vascular patterns of stem sections.
For genetic mapping, the mutant was crossed with Arabidopsis ecotype Langsberg erecta. The resulting F 1 plants were selfed and the F 2 plants were analyzed for segregation of the avb1 mutation. Leaves from the F 2 plants with the homozygous avb1 phenotype were collected for isolation of genomic DNA, as described previously by Cocciolone and Cone (1993) . Linkage of the mutation with markers on individual chromosomes was determined using CAPS markers developed by Konieczny and Ausubel (1993) . Conditions for PCR reactions and restriction enzyme digestions were essentially the same as described previously (Konieczny and Ausubel, 1993) . The information on CAPS markers ASB2 (Niyogi et al., 1993) , DFR, and LFY3 (Konieczny and Ausubel, 1993) was from the Arabidopsis database. The 91H23 and mi69 markers were developed by Zhong et al. (1997) . CAPS markers 34D1, 138D19, MBG8, and MDF20 were developed during our mapping work.
The 34D1 and 138D19 primer sequences originated from the Arabidopsis expressed-sequence tag clones EST34D1 and EST138D19, respectively. The MBG8 and MDF20 primer sequences were derived from DNA sequences of BAC clones MBG8 and MDF20, respectively (website: http://www.kazusa.or.jp/arabi/). The 34D1 primers (5Ј-CAACAAGCGAAACTAGGGT-3Ј and 5Ј-TTCAAATC-CGACTTCGACAT-3Ј) amplified a 1.7-kb fragment. DdeI digestion of the 34D1-amplified DNA from ecotype Columbia gave three fragments with sizes of 0.7-, 0.6-, and 0.4-kb, and that from Langsberg erecta produced 1.3-and 0.4-kb fragments. The 138D19 primers (5Ј-GAAGGAAGGCGTCATCT-TGT-3Ј and 5Ј-TGGCTATCAGGAGATCCGAT-3Ј) amplified a 1.8-kb fragment. DraI digestion of the 138D19-amplified DNA from ecotype Columbia produced two 0.9-kb fragments, and that from Langsberg erecta produced 0.9-, 0.5-, and 0.4-kb fragments. The MBG8 primers (5Ј-CATAGGAC-CCGATTGGAT-3Ј and 5Ј-CAGATATGGCACTCACACCA-3Ј) amplified a 3.1-kb fragment. AflII digestion of the MBG8-amplified DNA from ecotype Columbia produced 1.3-, 0.9-, and 0.9-kb fragments, and that from Langsberg erecta produced 2.2-and 0.9-kb fragments. The MDF20 primers (5Ј-GAGATGTGGCACGTACCAGA-3Ј and 5Ј-GCAGTTGCTG-GCTTGATCCA-3Ј) amplified an 8.5-kb fragment. The XbaI enzyme cut the MDF20-amplified DNA from ecotype Columbia into 7.1-and 1.4-kb fragments but did not cut it from Langsberg erecta.
RESULTS
Vascular Development in Wild-Type Arabidopsis Stems
Wild-type Arabidopsis inflorescence stems developed a vascular pattern similar to that found in most dicots (Fig.  1A ). In the stele the vascular bundles were arranged in a ring. Typically, about eight discrete vascular bundles developed in the top part of the stem. During the maturation of the stems interfascicular fibers differentiated between vascular bundles to form a continuous ring of sclerified cells (Zhong et al., 1997) . Within the vascular bundle, the arrangement of vascular tissues was collateral, i.e. xylem was located on the inner side of the bundle and phloem was located on the outer side of the bundle (Fig. 1 , A and C). It was obvious that one to two layers of cambial initials were present in the vascular bundle of an old stem (Fig.  1C) , indicating that the bundle retained the potential for further growth. The arrangements of vascular tissues within the bundle and of vascular bundles in the stele were consistent throughout the development of stems.
Isolation of a Mutant with an Altered Vascular Pattern in Stems
To understand the genetic control of vascular pattern formation, we screened ethyl methanesulfonate-mutagenized M 2 populations of Arabidopsis ecotype Columbia for mutants with altered vascular patterns. Inflorescence stems of 8-week-old plants were free-hand sectioned and stained with toluidine blue to reveal vascular patterns. After screening 100,000 M 2 plants, we isolated an avb1 (amphivasal vascular bundle) mutant with a dramatic change of vascular patterns in stems (Fig. 1B) .
Alteration of vascular patterns in the avb1 mutant occurred at two levels. First, the arrangement of vascular tissues within the bundle was altered. Unlike the collateral vascular bundles seen in the wild type (Fig. 1C) , the mutant had phloem enclosed by xylem (Fig. 1B) . In the mutant, the vessel elements were distributed all around the phloem ( Fig. 1D ), an arrangement resembling amphivasal bundles seen in some monocots (Mauseth, 1988) . A ring of one to two layers of cambial initials was also seen in the bundle, (Fig. 1D ) in contrast to the half-circle-shaped cambial initials seen in the wild type (Fig. 1C) . We additionally noticed that some vascular bundles, mainly those connected with interfascicular fibers, were still collateral, indicating that the mutation did not result in transformation of all collateral bundles into amphivasal bundles (Fig. 1B) .
Second, the arrangement of vascular bundles in the stele was altered in the avb1 stems. In addition to a ring of vascular bundles at the periphery of the stele, extra bundles extended through the pith (Fig. 1B) . In contrast to approximately 8 bundles seen in the wild-type stem ( Fig.  2A) , as many as 20 bundles were present in the mutant stem ( Fig. 2C ; Table I ). Because extra bundles were abnormally positioned in the pith, the normal ring-like arrangement of vascular bundles seen in the wild-type stems was disrupted.
It is interesting that a cluster of cells at the center of the bundle (enclosed by the phloem) was stained red with the lignin-staining dye phloroglucinol-HCl and they were birefringent under polarized optics (data not shown), indicating that these cells were sclerified. It was also evident that the sclerified cells had walls as thick as xylem fibers (Fig. 1D) . No sclerified cells were observed at the center of the phloem in the wild type (Fig. 1C) , although a few phloem fibers occasionally scattered outside the phloem (data not shown).
Origin of the Extra Bundles in the Pith
To investigate the origin of the abnormally positioned bundles, we prepared serial free-hand sections from the avb1 internodes and traced the distribution of the bundles (Fig. 2, D-G) . It appeared that the vascular bundles (indicated by arrows) at the periphery of the stele branched out new bundles, and these new bundles abnormally penetrated into the pith. This resulted in vascular bundles seen as scattered in the stele (Fig. 2C ).
Vascular Organization in Leaves and Roots of the avb1 Mutant
We examined further the vascular patterns in leaves and roots. Veins in the wild-type leaves formed a continuous reticulum (Fig. 3A) . A similar venation pattern was seen in the avb1 mutant (Fig. 3B) , indicating that the avb1 mutation did not alter the leaf venation pattern. However, the avb1 mutation altered the arrangement of vascular tissues within leaf veins. The organization of vascular tissues within the bundles of wild-type leaves was collateral (Fig.  3C) , a pattern similar to that in the wild-type stems (Fig.  1C) . In the vascular bundles of avb1 leaves, a layer of vessel elements formed a ring (Fig. 3D) , a pattern similar to that seen in the vascular bundles of the avb1 stems (Fig. 1D ). This indicated that the avb1 mutation affected the arrangement of vascular tissues within the bundles in both stems and leaves.
In wild-type roots the vascular pattern was distinct from that seen in stems. The xylem was located as a solid mass at the center and the phloem surrounded the xylem (Fig.  3E ), which is a protostele. The vascular pattern in the avb1 roots (Fig. 3F) was the same as that in the wild-type roots.
Functional Analysis of Vascular Bundles in the Mutant
Because some vascular bundles were abnormally positioned in the avb1 internodes, we examined whether they were all functional for transport. To do this, a stem of the avb1 mutant was cut and the basal end was immersed in an Evans blue solution. After a 10-min incubation the upper part of the stem, which was not submerged in the dye, was sectioned to examine the presence of the dye in vascular bundles. If the vessel elements were connected to each other, the Evans blue dye should have been transported to the upper part of the stem through the vessels. The blue dye was seen in every vascular bundle in the stem section of the avb1 mutant (Fig. 3G) . The Evans blue-staining pat- The individual vascular bundle was collateral, and collectively the vascular bundles were arranged in a ring. B, Cross-section of the avb1 stem. Xylem formed a circle in most bundles, and extravascular bundles were placed in the pith. Arrows indicate the collateral bundles at the periphery of the stele. C, Collateral vascular bundle in the wild type. Xylem was located on the inner side of the bundle, and phloem was located on the outer side of the bundle. One to two layers of cambial initials were evident between xylem and phloem. D, Amphivasal vascular bundle in the avb1 mutant. It was obvious that the phloem was completely surrounded by vessels, a pattern similar to that seen in an amphivasal vascular bundle. In addition, there were one to two layers of cambial initials between xylem and phloem. c, Cambium; co, cortex; f, interfascicular fibers; ph, phloem; pi, pith; sc, sclerified cell; v, vessel element; x, xylem; and xf, xylary fiber. Magnifications, ϫ102 (A and B) and ϫ770 (C and D).
tern was the same as the distribution pattern of vascular bundles (Fig. 3H) , indicating that vessels in each vascular bundle of the mutant are functional for transport and that the vascular strands are interconnected.
Morphology of the avb1 Mutant
The avb1 mutation changed the morphology of the plant (Fig. 4) . The wild-type inflorescence stems were straight (Fig. 4A) . The lower part of the stems had regularly spaced cauline leaves and branches (Fig. 4, A and C) . No difference was observed at the top part of the stems between the wild type and the avb1 mutant (Fig. 4, A and B) . However, the morphology of the lower part of the stems was altered in the mutant. In the avb1 mutant, the main inflorescence stem was curled and more cauline leaves and branches were produced with irregular spacing along the lower part of the stem (see arrow in Fig. 4D ). Frequently, several branches emerged next to each other on the stem (Fig. 4D) , and occasionally the cauline leaf blade was fused along the internode to the next node (data not shown).
Auxin Polar Transport in avb1 Stems
Auxin has been shown to be required for vascular differentiation (Aloni, 1987) and several mutants with defects of vascular differentiation were shown to be associated with reduced auxin polar transport in stems (Carland and McHale, 1996; Przemeck et al., 1996) . Because the avb1 mutant showed a dramatic alteration in vascular patterns, it is important to investigate whether the mutation affected the auxin polar transport activity in the stems. As shown in Figure 5 , the auxin polar transport assay showed that the basipetal auxin transport activity in the stems of the avb1 mutant was the same as that in the stems of the wild type. The auxin transport activity in both mutant and wild-type stems was effectively inhibited by the auxin polar transport inhibitor 2,3,5-triiodobenzoic acid. These results indicated that the alteration in vascular patterns in the avb1 mutant was not accompanied by a disruption in auxin polar transport activity.
Genetic Analysis of the avb1 Mutant
We tested whether the mutation was dominant or recessive. The avb1 mutant was backcrossed with wild-type Arabidopsis ecotype Columbia. The stems of F 1 plants (total of 50 plants) were examined for vascular patterns. In the stems of F 1 plants, one to three bundles were amphivasal; the other bundles were the same as those seen in the wild type. No extra bundles were seen in the pith ( Fig. 2B ; Table I ). A minor alteration of vascular patterns occurred in the F 1 heterozygotes, suggesting that the mutation is partially dominant.
We also analyzed the segregation pattern of the mutation. The F 1 plants were selfed and the vascular patterns in the stems of F 2 plants were examined. Of the 1432 plants examined, 378 showed a wild-type vascular pattern, 726 showed a heterozygote vascular pattern, and 328 avb1 showed a mutant vascular pattern, giving a segregation ratio of 1:2:1 and indicating that the mutation was monogenic.
To map the chromosomal location of the avb1 mutation, the avb1 mutant was crossed with the Arabidopsis ecotype Landsberg erecta. The resulting F 1 plants were selfed and the F 2 plants were analyzed for segregation of the avb1 mutation. F 2 plants with the homozygous avb1 mutant phenotype were used to analyze for linkage with CAPS markers located on each of the five chromosomes (Konieczny and Ausubel, 1993) . No linkage was found with markers on chromosomes 1 to 4. However, a close linkage was observed with CAPS markers LFY3 and DFR on chromosome 5. Of 241 plants analyzed, 19 plants showed crossovers between LFY3 and the avb1 locus. All of the remaining plants showed Columbia LFY3 genotype. This placed the avb1 locus in a region that was 3.9 centimorgans away from LFY3 (Fig. 6 ). Further mapping of the avb1 locus with DFR indicated that the avb1 locus was located between DFR and LFY3. The mapping data with DFR indicated that the avb1 locus was 16 centimorgans from DFR (Fig. 6) .
Using sequences from Arabidopsis BAC clones and expressed-sequence tag clones, we have developed four new CAPS markers: 34D1, 138D19, MBG8, and MDF20. Further mapping with these markers showed that the avb1 locus was located between mi69 and ASB2 (Fig. 6 ). These two markers are covered by a single yeast artificial chromosome clone CIC9E2. In addition, a complete BAC contig has been constructed between these two markers by the Japanese Arabidopsis genome sequencing group (website: http://www.kazusa.or.jp/arabi/). The available resources will allow us in the near future to narrow the avb1 locus to an individual BAC clone and then to clone the gene.
DISCUSSION
Stems of most dicots have a similar vascular organization, i.e. vascular tissues are collateral within the bundle and vascular bundles collectively are arranged in a ring. This type of vascular pattern was conserved during the evolution of dicot plants. However, other vascular patterns have developed in some dicots. For example, bicollateral bundles are common in the families Apocynaceae, Asclepiadaceae, Compositae, Conolvulaceae, Cucurbitaceae, Myrtaceae, and Solanaceae. In dicots such as Begonia, Mesembryanthemum, Rheum, and Rumex, amphicribral bundles occur as medullary bundles, which run through the pith (Mauseth, 1988) . Little is known about the mechanisms underlying the evolution of such diverse vascular patterns. Isolation of the avb1 mutant with a global alteration in vascular patterns provides a novel means to study the mechanisms underlying the arrangement of vascular tissues within the bundle.
We have screened 100,000 ethyl methanesulfonatemutagenized M 2 populations of Arabidopsis, and avb1 is the only type of mutant found with such a global alteration in vascular patterns. Two plants with the avb1 phenotype were recovered and were shown to be allelic. We do not know why we did not find other mutants with global alterations in stem vascular patterns. Our mutantscreening method may not be ideal and we may have missed some mutants. It may also be that genes controlling vascular patterns are redundant; therefore, a loss-offunction mutation would not lead to an alteration in vascular patterns and only dominant mutants would show phenotypic changes. Dominant mutants have been widely used to elucidate developmental pathways in nonplant systems. Similarly, many dominant mutants, such as etr1 (Chang et al., 1993) , Kn1 (Hake, 1992) , Hooded (Mü ller et al., 1995) , Tkn2 (Chen et al., 1997; Parnis et al., 1997) , and art (Grbic and Bleecker, 1996) , have been isolated in plants and are instrumental for dissecting plant developmental pathways. For example, analysis of the dominant mutant Kn1 indicated that KN1 is involved in meristem maintenance. Recent results (Kerstetter et al., 1997) concerning the loss-of-function mutant of KN1 confirmed the early conclusion drawn from analysis of the dominant mutant. Dominant mutants could be the result of ectopic overexpression of a gene (such as Kn1), of mutation of a negative regulator (such as etr1), or of some other mechanism. In any case, the gene may be involved in the observed phenotypes. The analysis of gene functions by ectopic overexpression is also a routine practice, i.e. in some sense, similar to the creation of dominant mutants. Therefore, we suggest that the partially dominant avb1 locus does participate in controlling the organization of vascular patterns; further analysis of the mutant will help us to understand the mechanisms controlling vascular pattern formation.
The Collateral Vascular Bundles Are Transformed into Amphivasal Vascular Bundles in the avb1 Mutant
The most noticeable change in the avb1 mutant is the dramatic alteration of the arrangement of vascular tissues within the bundle (Fig. 1) . It was obvious that in the mutant stems the vessel elements completely surrounded the phloem, which is a pattern similar to that seen in the vascular bundles of some monocots, such as Acorus and Dracaena draco (Mauseth, 1988; Bowes, 1996) . This transformation could not be due to a displacement in interfascicular fibers, because the vessel elements would not then be distributed all around the phloem. Furthermore, the differentiation of interfascicular fibers and vascular bundles seems to be controlled by two separate pathways, because disruption of interfascicular fiber formation did not affect vascular bundle differentiation or the vascular tissue arrangement (Zhong et al., 1997) .
There were several other prominent features in the vascular bundles of the avb1 mutant. First, the cells at the center of the bundle were sclerified (Fig. 1D) , similar to the vascular bundles of Acorus, which have the sclerified cells at the center. Second, one to two layers of cambial initials were still present in the vascular bundles of old stems in Figure 5 . Auxin polar transport in stems of the wild type and the avb1 mutant. Upper ends of stem segments were immersed in a solution containing labeled IAA. After 6 or 20 h of incubation, the opposite ends were cut and counted for the presence of labeled IAA. Auxin polar transport inhibitor 2,3,5-triiodobenzoic acid was included in the solution in one set of experiments. Both the wild type and the avb1 mutant showed the same rate of auxin polar transport. Data are the means Ϯ SE of 15 plants. Figure 6 . Genetic mapping of the avb1 locus. A total of 241 F 2 mapping plants were used for mapping with markers on the right side of the avb1 locus, and a total of 223 F 2 mapping plants were used with markers on the left side of the avb1 locus. All markers used for mapping were CAPS markers. The markers 34D1, 138D19, MBG8, and MDF20 were developed during our mapping work. The markers shown on chromosome 5 were not positioned on scale. CM, Centimorgan.
the avb1 mutant (Fig. 1D) . This is somewhat different from the amphivasal bundles seen in Acorus or Dracaena, in which no procambial cells were left when the bundles were fully differentiated (Mauseth, 1988; Bowes, 1996) . This is one of the typical differences between dicots and monocots. In most monocots all procambial cells mature and lose the potential for further growth within the bundle. In contrast, vascular bundles in most dicots retain cambial initials after the primary vascular bundles mature excepting a few plants such as Ranunculus in which all of the procambial cells in the vascular bundles differentiate into vascular tissues (Raven et al., 1992) . These differences indicate that, although the vascular bundles in the avb1 mutant are similar to the amphivasal bundles seen in some monocots, they retain some of the characteristics seen in most dicots, such as maintenance of cambial initials.
Vascular Bundles Abnormally Penetrate into the Pith in the avb1 Mutant
The other dramatic change in the avb1 mutant is the abnormal positioning of vascular bundles in the pith of stems, which disrupts the normal arrangement of vascular bundles in the stele of stems. This abnormal pattern resulted from branching of the vascular bundles into the pith (Fig. 2) . Although it is not clear whether these branching vascular bundles in the avb1 mutant are leaf or branch traces, leaf and branch traces in the wild type are never seen to penetrate into the pith. Thus, it is obvious that the disruption in the ring-like organization of vascular bundles in the stele of mutant stems resulted from mutation of the AVB1 locus.
Since the bundles seen in the pith branch from the normal vascular bundles, they are apparently different from the medullary bundles that usually run through the pith, as seen in families such as Amaranthaceae, Cactaceae, Chenopodiaceae, Melastomataceae, Nyctaginaceae, Piperaceae, and Polygonaceae (Mauseth, 1988) . It seems that the abnormal branching pattern seen in the avb1 stems resembles that seen in monocots. Although it appears that the arrangement of vascular bundles in the stems of the majority of monocots is distinct from that of dicots, construction of a three-dimensional structure of vascular bundles revealed ordered patterns in monocots (Esau, 1977; Mauseth, 1988; Fahn, 1990) . For example, in the maize stem the scattered distribution of vascular bundles seen in a cross-section is mainly contributed by mid-rib and large lateral leaf traces through deep penetration into the interior of the stem. Thus, the abnormal penetration into the pith of branching bundles seen in the avb1 mutant appeared to share some anatomical features in common with monocots. It will be of interest to examine where the abnormal branching vascular bundles end in the avb1 mutant.
Mutation of the AVB1 locus appeared to have no effect on the arrangement of vasculature in primary roots or on leaf venation pattern. Arabidopsis primary roots have a protostele, whereas stems have a siphonostele. It has been considered that siphonosteles evolved from protosteles (Mauseth, 1988; Raven et al., 1992) . Thus, it might be possible that the AVB1 gene is one of the genes evolved to direct the vascular pattern in stems. Once the AVB1 gene is cloned, it will be interesting to examine whether the vascular pattern in primary roots could be altered by overexpression of the AVB1 gene in roots.
Vascular Bundles in the Pith of the avb1 Stems Are Functional for Transport
Two lines of evidence indicate that the bundles that appeared in the pith of the mutant stems are connected with normal vascular bundles. Serial sections of the avb1 stems clearly showed that the bundles seen in the pith branched from normal vascular bundles (Fig. 2) . Furthermore, the Evans blue dye-transport experiment showed that the bundles in the pith of mutant stems also functioned for transport of the dye (Fig. 3) . These results indicate that appearance of vascular tissues in the pith of mutant stems is not due to random differentiation but is coordinated with the differentiation of bundles at the periphery of the stele.
Auxin Polar Transport Activity Is Not Altered in the avb1 Mutant
It has been demonstrated that the plant hormones auxin and cytokinin are inducers of vascular tissue formation, and the polarity of vascular differentiation is determined by the direction of polar auxin flow (Sachs, 1981; Aloni, 1987) . Thus, it is reasonable to question whether the abnormal vascular patterns seen in the avb1 mutant are due to an alteration in auxin polar transport. The auxin polar transport activity in the avb1 stems was indistinguishable from that in the wild type (Fig. 5) , indicating that the auxin polar transport activity is not disrupted in the mutant. This is different from the monopteros and lop1 mutants, both of which exhibited defects in auxin polar transport. The lop1 mutant exhibited a bifurcated and twisted midvein in leaves (Carland and McHale, 1996) , whereas the monopteros mutant altered the alignment and interconnection of tracheary elements (Przemeck et al., 1996) . A number of other mutants with altered auxin polar transport have been isolated (Okada et al., 1991; Bennett et al., 1995; Ruegger et al., 1997) . These mutants appeared not to affect the arrangement of vascular tissues, indicating that an alteration in polar auxin transport activity may not result in a defect in vascular pattern formation.
It is not known whether there is any alteration in auxin level in the avb1 mutant. However, several lines of evidence from other studies indicate that the altered vascular patterns might not be due to an alteration in auxin level. First, physiological studies showed that exogenous application of auxin in both in vitro and in vivo organs could induce vascular differentiation but were unable to change vascular patterns (Aloni, 1987) . For example, continuous supply of auxin and Suc on a block of Syringa callus induced a continuous ring of vascular bundles, and changing the ratio of auxin and Suc altered the proportion of xylem and phloem in the vascular bundle. However, the ring-like organization of the induced vascular bundles in the Syringa callus was not altered by changing the auxin concentration (Wetmore and Rier, 1963) . Second, studies of transgenic plants further demonstrated that changes in the level of auxins or cytokinins only altered the mass but not the organization of vascular tissues (Medford et al., 1989; Romano et al., 1991; Li et al., 1992; Ainley et al., 1993; Tuominen et al., 1995) . Third, mutational analysis showed that mutants affecting auxin homeostasis generally exhibited phenotypes associated with the functions of auxins in plant development but no effect on the arrangement of vascular tissues (Boerjan et al., 1995; King et al., 1995) .
It has been shown that, in stems with transverse wounds where polar flow of auxin was disrupted, circular vessel rings were induced above the transverse wounds (Sachs and Cohen, 1982; Aloni and Wolf, 1984) . However, these circular vessel rings are not individual bundles; instead they are vessels differentiated along the path of auxin flow. This is similar to the formation of normal vascular strands along the path of auxin flow (Sachs, 1981) . Therefore, the amphivasal vascular bundles in the avb1 mutant could not be induced by the same mechanism as for circular vessel rings seen in the wounded stems.
Although the avb1 mutation does not alter the overall auxin polar transport activity in stems, the auxin transport pattern within the bundle might be changed. It is likely that the avb1 mutation results in auxin flow all around the phloem in a vascular bundle, instead of the localized auxin flow at the opposite side of the phloem seen in wild-type bundles. The auxin flow around the phloem may thus induce xylem differentiation all around the phloem, forming amphivasal bundles seen in the avb1 mutant. It will be interesting to test this hypothesis by using auxin transport markers.
Because polar auxin flow directs vascular strand differentiation, it is possible that the avb1 mutation results in an abnormal flow of auxin in the pith, which in turn induces vascular strand formation. Therefore, the AVB1 gene may regulate the distribution of the paths of auxin polar flow rather than disrupt auxin polar transport activity, thus determining the pattern of vascular bundle distribution in the stele.
The avb1 Mutant Exhibits Pleiotropic Phenotypes
In addition to the dramatic alteration in vascular patterns, the avb1 mutant exhibited morphological changes such as curled stems and proliferation of branch stems (Fig.  4) . It is not clear whether there is any correlation between the alteration of vascular patterns and the morphological changes. It seems unlikely that the morphological changes directly lead to an alteration in vascular patterns. A number of mutants with dramatic morphological changes, such as a mutant with twisted stems (Feldmann, 1991) and mutants with faciated stems (Leyser and Furner, 1992; Clark et al., 1993) , have been isolated but no global alteration in vascular patterns were reported in these mutants. One may argue that proliferation of branch stems may be related to production of extra vascular bundles in the pith of the avb1 stems. It is possible that the vascular bundles in the piths of the avb1 stems are branch traces. However, branch and leaf traces in the wild-type stems never penetrate into the pith, indicating that penetration of the extra bundles in the piths of the avb1 stems unlikely results from the production of extra branch stems or leaves.
It is likely that the pleiotropic phenotypes seen in the avb1 mutant result from separate processes controlled by the AVB1 gene. Because these phenotypes are all related to pattern formation and plant forms, it is possible that the AVB1 gene is a transcriptional regulator. Compelling evidence has demonstrated that transcriptional regulators are involved in the evolution of plant forms and their mutations generally result in pleiotropic phenotypes (Doebley and Lukens, 1998) . Cloning of the AVB1 gene will be essential for further understanding of the molecular basis of the pleiotropic phenotypes seen in the avb1 mutant. Because the avb1 locus has been mapped to a region covered by a single yeast artificial chromosome clone, it is expected that the AVB1 gene will be isolated soon using the positional cloning approach.
The AVB1 Locus and the Evolution of Amphivasal Vascular Bundles
The angiosperms arose in the early Cretaceous period, some 125 million years ago or more (Heywood, 1993) . It is considered that the angiosperms evolved from some primitive gymnosperm (Raven et al., 1992) . The ancient angiosperm "ancestor" was thought to precede the divergent evolution of monocots and dicots (Langenheim and Thimann, 1982) . Because the gymnosperms typically have collateral bundle patterns in primary vascular tissues of stems, the collateral bundle pattern might be an ancestral type of vascular bundle in the angiosperms. The collateral bundle pattern is still dominant in the angiosperms, and other types of bundles such as amphivasal, amphicribral, or bicollateral bundles arose in a limited numbers of families. For example, the amphivasal vascular bundles have been seen only in some monocots (Mauseth, 1988) . Plants such as Acorus, Convallaria, and some Xanthorrhoeaceae have the amphivasal bundles in the primary stems. Plants such as Aloe arborescens and Dracaena develop secondary vascular bundles with the amphivasal arrangement.
Isolation of the Arabidopsis avb1 mutant with an amphivasal vascular bundle phenotype indicates that the AVB1 locus might be involved in the organization of vascular tissues within vascular bundles. It also implicates that the evolution of amphivasal vascular bundles in some monocots might be related to an alteration in the AVB1 locus. One may argue that the AVB1 locus may not be related to vascular development in the wild type because wild-type Arabidopsis stems do not have amphivasal bundles and the avb1 mutation is partially dominant. However, the important message here is that evolution of amphivasal bundles could result from dominant mutation of the AVB1 gene, or at least mutation of the AVB1 gene could result in amphivasal bundles. Once the AVB1 gene is cloned, it will be interesting to test whether expression of the Arabidopsis AVB1 gene in the monocots with amphivasal vascular bun-
